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r responsibility ofAbstract Ultrathin Bi2MO6 (M¼W, Mo) nanoplates were synthesized by a simple hydrothermal
method. SEM, EDS and XRD were used to investigate the morphologies and compositions of the
samples from BiONO3 nanoplates along with some nanoparticles, to precursory Bi2WO6
nanoplates and Bi2MoO6 nanoparticles, and to ﬁnal Bi2MO6 nanoplates. The possible formation
mechanism of products was proposed. The experimental results exhibited that Bi2MO6 nanoplates
had stronger light adsorption in ultraviolet–visible range. Bi2MO6 nanoplates were useful host for
rare earth ions, Eu3þwas successfully doped in Bi2MO6 nanoplates and an energy efﬁciently
transferred from Bi3þ to Eu3þ, displaying intense red color under ultraviolet (UV) light excitation.
The morphologies of products kept constant after doping. It is suggested that Bi2MO6:Eu
nanoplates have promising application in ﬂuorescent mark.
& 2012 Chinese Materials Research Society. Production and hosting by Elsevier Ltd. All rights reserved.ls Research Society. Productio
2.09.002
cn (M. Guan).
Chinese Materials Research1. Introduction
Rare earth compounds have excellent properties, such as
absorbing and emitting lights in all wavelengths of visible
range with high color purity and stable physical and chemical
properties, which attributes to the position of the 4f electrons
of rare-earth ions [1–4]. And therefore they have been widely
applied in a variety of ﬁelds, such as, phosphors, LED lamps,
and biological diagnose [5–9]. However, pure rare-earth
materials are very expensive, and their ions are usually
used as doped ions to dope into various host substances.n and hosting by Elsevier Ltd. All rights reserved.
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beneﬁcial for practical application.
Metals tungstate and molybdate have been the focus of
intensive research owing to their physical properties and techno-
logical applications, such as, high-density data storage, medical
diagnosis, catalysis, and bioseparation [10–13]. Among them,
bismuth tungstate and molybdate display excellent photocatalytic
properties in the degradation of organic dies under visible-light
irradiation. Zhu and his coworkers have reported that square
Bi2WO6 nanoplates and porous Bi2WO6 thin ﬁlms can efﬁciently
degrade rhodamine-B and methylene blue, respectively, under
visible-light irradiation [14,15]. Wang and his coworkers have
prepared three kinds of bismuth molybdates a-Bi2Mo3O12, b-
Bi2Mo2O9, and g-Bi2MoO6 and studied their photocatalytic
activities [16]. So far, various morphologies of bismuth tungstate
and molybdate, such as nanoplate, ﬂake-ball, nanoparticle, nest-
like structures, and hierarchical hollow spheres have been prepared
[17–26]. Nevertheless, there was few report on the luminescence
properties of bismuth tungstate and molybdate [27]. Our previous
study indicated that bismuth ion in bismuth compound with rare-
earth ions doping can absorb outer energy, which efﬁciently
transfer from Bi3þ to rare-earth ions [28]. In the present
investigation, the facile synthesis method for Bi2WO6 and Bi2MO6
nanoplates has been reported, and Eu3þ was successfully doped
into Bi2WO6 and Bi2MoO6 nanoplates, which display intense red
color excitation with UV light. Shape evolution process for
Bi2MO6 nanoplates formation was investigated by SEM. The
possible formation mechanism was proposed.2. Experimental
2.1. Materials
All chemicals were analytical grade (AR) without further puriﬁca-
tion before use. Sodium tungstate, sodium molybdate, bismuth
nitrate and europium nitrate were purchased from Shanghai
Guoyao Chemical Reagent Company, Shanghai, China.2.2. Synthesis of Bi2WO6 and Bi2WO6:Eu nanoplates
In a typical synthesis, Bi(NO3)3 (2 mmol) or Bi(NO3)3
(2 mmol) and Eu(NO3)3 (0.225 mmol) were added to 10 mL
water under ultrasound condition. The obtained opalescent
colloidal solution was added into 10 mL sodium tungstate
(0.6 mol/L) aqueous solution and stirred for 5 min. Then, the
resulting solution was poured into a Teﬂon stainless steel
autoclave, which was sealed, maintained at 140 1C for 12 h
and then cooled down to room temperature. The resulting
white products were washed and dried to constant weight at
100 1C in air.2.3. Synthesis of Bi2MoO6 and Bi2MoO6:Eu nanoplates
Bi2MoO6 and Bi2MO6:Eu nanoplates were prepared by a
similar procedure except using sodium molybdate and under
160 1C instead of sodium tungstate and 140 1C adopted in
above procedure.2.4. Characterizations
Powder X-ray diffraction (XRD) patterns of the resulting
samples were recorded on Rigaku D/max-rB X-ray diffract-
ometer operated at 40 kV and 80 mA with Cu Ka radiation
(l¼0.15418 nm). Transmission electron microscopy (TEM),
high-resolution TEM (HRTEM) images and selected-area
electron diffraction (SAED) patterns were obtained by
employing FEI Tecnai 12 FEGTEM (300 kV) microscope.
Scanning electron microscopy (SEM) images and energy
dispersive X-ray spectroscopy (EDS) patterns were taken with
Hitach S-3400N or S-4800 apparatus and a Horiba instrument
respectively. UV–vis diffuse reﬂectance spectra of the samples
were measured by using Shimadzu UV-3600 UV–vis–NIR
spectrophotometer. Photoluminescence spectra were recorded
by Cary Eclipse photoluminescence spectrometer.3. Results and discussion
3.1. Morphology and microstructure analysis
The results of morphology and microstructure analysis for
Bi2WO6 and Bi2MoO6 nanoplates are shown in Fig. 1. Fig. 1a
is XRD pattern of Bi2WO6, and Fig. 1b and c are ﬁeld-
emission SEM (FESEM) and low-magniﬁcation TEM images
of Bi2WO6 nanoplates, respectively. In order to study the
nanoscale structure of the nanoplates, HRTEM technique was
also used. The result is shown in Fig. 1d, which is the high-
magniﬁcation TEM image of Bi2WO6 nanoplates, upper left
inseted with HRTEM image corresponding to the area
indicated by the frame, and upper right ﬁgure is SAED
pattern of Bi2WO6 nanoplate. Fig. 1e and f are SEM and
low-magniﬁcation TEM images of Bi2MoO6 nanoplates,
respectively. Fig. 1g is high-magniﬁcation TEM image of
Bi2MoO6 nanoplates, upper left inseted with HRTEM image
corresponding to the area indicated by the frame and upper
right inseted with SAED pattern of Bi2MoO6 nanoplate.
Fig. 1h shows the XRD pattern of Bi2MoO6 nanoplates.
The phase and purity of Bi2WO6 was identiﬁed by XRD
measurement. All diffraction peaks shown in Fig. 1a can be
indexed to pure orthorhombic phase of Bi2WO6 (JPCDS 73-
1126), with lattice constants of a¼5.456 A˚, b¼5.436 A˚, and
c¼16.426 A˚, indicating high purity of the samples. Morphol-
ogies of the products were examined by SEM and TEM.
Fig. 1b is FESEM image of Bi2WO6 products. It has been
found that these samples were composed of nanoplates about
35 nm in average thickness. The low-magniﬁcation TEM
image in Fig. 1c shows that a few nanoplates stacked up
and their below edges were clearly observed, which further
conﬁrms ultrathin nature. High-magniﬁcation TEM image in
Fig. 1d indicates that the nanoplates were composed of
nanoparticles. HRTEM image of an individual nanoparticle
(the inset left in Fig. 1d) demonstrates clear lattice fringes,
which conﬁrms single crystal nature of individual nanoparti-
cle. However, concentric diffraction rings of the SAED pattern
(the inset right in Fig. 1d) demonstrates the poly-crystalline
character of Bi2WO6 nanoplates. In brief, above results
indicated that Bi2WO6 nanoplates are composed of crystal-
lographically disordered nanocrystal with dimensions of
6–12 nm. The method was further extended to prepare Bi2MoO6
nanoplates. Fig. 1e and f shows that Bi2MoO6 nanoplates were
Fig. 1 Morphology and microstructure of Bi2WO6 and Bi2MoO6 nanoplates. (a), (b), (c) XRD pattern, FESEM, and TEM images of
Bi2WO6 respectively. (d) TEM and HRTEM images of Bi2WO6 nanoplates. (e) and (f) SEM and TEM images of Bi2MoO6 nanoplates
respectively. (g) TEM and HRTEM images of Bi2MoO6 nanoplates. (h) XRD pattern of Bi2MoO6 nanoplates.
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shapes were irregular and their thickness were very thin. Fig. 1g
and the inset also document poly-crystalline characteristic of
nanoplates. XRD pattern of Bi2MoO6 nanoplates in Fig. 1h
shows that all diffraction peaks can be indexed to pure orthor-
hombic phase of Bi2MoO6 (JPCDS 84-0787), indicating high
purity of the samples.3.2. Mechanism proposal
In order to investigate formation mechanism of Bi2MO6
nanoplates, a series of experiments were conducted. Morphol-
ogies and compositions of the products obtained in different
stages of reaction were inspected by SEM, EDS, and XRD,
respectively, and the results are shown in Fig. 2. Fig. 2a and b
are low and high-magniﬁcation SEM images of BiONO3
respectively. Fig. 2c is EDS pattern of Bi2WO6 precursor,
and Fig. 2d shows XRD patterns of Bi2WO6 (A) and
Bi2MoO6 (B) precursors. Fig. 2e and f are SEM images of
Bi2WO6 precursor and Bi2MoO6 precursor, respectively.
As it is known, Bi(NO3)3 can be easily hydrolyzed into
BiONO3 in water according to the equation below
Bi3þþNO3þH2O¼BiONO3kþ2Hþ (1)When Bi(NO3)3 was added into water, white BiONO3
precipitates immediately appeared and opalescent colloidal
solution was obtained. Low-magniﬁcation SEM image in
Fig. 2a shows that the precipitates were composed of plates
and small particles. And high-magniﬁcation SEM image in
Fig. 2b indicates that small particles were in disk-like struc-
ture. EDS pattern (Supporting information (SI)-1) conﬁrms
that compositions of precipitates consist of elements Bi, O and
N. The opalescent colloidal solution was added into Na2WO4
aqueous solution with magnetic stirring for 5 min. A few
samples were taken from mixed solution and their morphol-
ogies and compositions were inspected by using SEM, EDS
and XRD. EDS pattern in Fig. 2c shows that only W, Bi and
O were observed. XRD pattern in Fig. 2d(A) shows that most
of products were amorphous precursors and one weak peak of
orthorhombic Bi2WO6 emerged (JPCDS 73-1126), which
indicates that the product is Bi2WO6 [29–30]. SEM image in
Fig. 2e indicates that small nanoparticles disappeared and
only nanoplates were observed. The results suggested that
BiONO3 precipitates reacted with sodium tungstate, thus
leading to change in morphologies of the products. In
addition, morphologies and compositions of products
obtained from mixing BiONO3 precipitates with sodium
molybdate aqueous solution were investigated. EDS pattern
in SI-2 showed the presence of Mo, Bi, and O elements.
Fig. 3 Scheme to illustrate the proposed mechanism of forming Bi2MO6 (M¼W, Mo) nanoplates.
Fig. 2 Morphologies and compositions of the products obtained in different stages of reaction for Bi2WO6. (a) and (b) Low and high-
magniﬁcation SEM images of BiONO3 respectively. (c) EDS pattern of Bi2WO6 precursor. (d) XRD patterns of Bi2WO6 (A) and
Bi2MoO6 (B) precursors. (e) and (f) SEM images of Bi2WO6 precursor and Bi2MoO6 precursor respectively.
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diffraction peaks can be indexed to orthorhombic phase of
Bi2MoO6 (JPCDS 84-0787). Nevertheless, Fig. 2f shows that
morphologies of product varied more signiﬁcantly in contrast
to those of BiONO3. The products were mainly small particles
and a few nanoplates were observed. Based on above experi-
mental results and analysis, the whole process for formation
of Bi2MO6 nanoplates can be mainly divided into three steps:
First, with Bi(NO3)3 addition to deionized water under
ultrasound condition, it immediately hydrolyzed and large
quantities of BiONO3 nuclei formed and further grew into
nanoplates and disk-like structures [31]. Second, as BiONO3
colloidal solution was added into Na2WO4 aqueous solution,
WO4
2 ions reacted with Bi3þ in solution and furthermore
BiONO3 precipitates was dissolved, leading to the formation
of precursory Bi2WO6 nanoplates. Nevertheless, for precur-
sory Bi2MoO6, its morphology is nanoparticles. Bi2MO6
(M¼W, Mo) crystalline with orthorhombic structures were
constructed by a corner-shared MO6 octahedral layer
and Bi2O2
2þ atom layers sandwiched between MO6 octahedral
layers. Wang and Tang have reported schematic structures of
Bi2MoO6 and Bi2WO6, respectively [16,32]. Previous reportsdemonstrated that high anisotropy characteristics of Bi2WO6
and Bi2MoO6 structures were advantageous to formation of
nanoplates rather than nanoparticles in crystallization process
[20,24,33,34]. Finally, under hydrothermal treatment, for
Bi2WO6, its morphology keeps constant after reaction; for
Bi2MoO6, smaller nanoparticles gradually dissolved and
formed bigger nanoparticles via Ostwald ripening process,
and then they self-assembled into nanoplates in crystallogra-
phically disordered fashion as shown in Fig. 1g [35]. HRTEM
images in Fig. 1d and g shows clear lattice fringes of
nanocrystals constructing nanoplates. The scheme of author’s
speculated mechanism of forming Bi2MO6 nanoplates is
illustrated in Fig. 3. Further studies may be needed to
understand their formation mechanism.3.3. Optical property analysis
Optical absorption and luminescence emission of Bi2MO6
nanoplates were characterized by UV–vis diffuse reﬂectance
spectroscope and photoluminescence spectrometer respec-
tively, and the results are shown in Fig. 4.
Fig. 4 (a) UV–vis diffuse reﬂectance spectra of Bi2WO6 and Bi2MoO6 nanoplates. (b) Luminescence emission spectra of Bi2WO6 and
Bi2MoO6 nanoplates (lex¼316 nm).
Fig. 5 (a) Digital photograph of dispersion of Bi2MO6:Eu redispersed in the water under ultraviolet lamp (lex¼254 nm) (inset left is red
emission of Bi2WO6:Eu, and inset right is red emission of Bi2MoO6:Eu). Excitation and emission spectra of doped-Bi2MO6: (b)
Bi2WO6:Eu and (c) Bi2MoO6:Eu. (For interpretation of the reference to color in this ﬁgure, the reader is referred to the web version of
this article.)
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adsorption in ultraviolet–visible range. Band gap adsorption
edge of Bi2WO6 and Bi2MoO6 were estimated to be 405 nm
and 437 nm corresponding to band gap energy 3.06 eV and
2.84 eV, respectively. The steep shapes of spectra indicated
that light absorption was due to intrinsic band-gap transition
[14,16,19]. Bi3þ has 6s2 electron conﬁguration and lumines-
cence emission attributed to 3P1–
1S0 transition. According to
literature reports, Bi2W2O9 with corner-linker WO6 octahe-
dron had luminescence emission peak at about 525 nm only
below 100 K at ultraviolet excitation [27]. Luminescence
property of Bi2MO6 nanoplates was investigated by using
photoluminescence spectrometer at room temperature. Fig. 4b
shows emission spectra of Bi2MO6 nanoplates. They consist of
a very broad band peaking at 468 nm, which is similar to
emission band of BiPO4 peaking at 460 nm [28]. Compared to
525 nm, the emission center obviously appears to be blue-
shifted. It might attribute to the effect of nanoscale size.
Eu3þ doping Bi2MO6 experiments were carried out. The
inset left and right in Fig. 5a shows digital photographs of
bright red light from Bi2WO6:Eu and Bi2MoO6:Eu dispersion,
respectively upon excitation with UV lamp (lex¼254 nm).
Fig. 5b presents emission and excitation spectra of
Bi2WO6:Eu. These were dominated by transition identiﬁed
as 5D0–
7F2 with around 614 nm. The remaining bands in order
of decreasing intensity have been assigned as 5D0–
7F1 at
591 nm, 5D0–
7F3 at 65 nm, and
5D0–
7F4 at 703 nm [36]. It is
known that excitation peaks of Eu3þ in longer wavelength
region (300–500 nm) correspond to direct excitation of Eu3þ
ground state into higher levels of the 4f-manifold. The
excitation spectrum consists of a strong sharp line centeredat 394 nm (7F0, 1–
5L6) and two weaker lines with maxima at
382 (7F0–
5Gj
5F1) and 416 nm (
7F0, 1–
5D3), which correspond
to direct excitation of europium f electrons [36]. Fig. 5c
presents emission and excitation spectra of Bi2MoO6:Eu.
Their emission spectrum had similar characteristic with that
of Bi2WO6:Eu. In contrast to excitation peaks of Bi2WO6:Eu,
the strongest peak position of Bi2MoO6:Eu shifted to 332 nm
(7F0, 1–
5H3,
5H6). Some papers have reported that
5D0–
7F2
transition at around 592 nm was hypersensitive, while 5D0–
7F1
transition at around 614 nm was insensitive to crystal ﬁeld
environment. In a site with inversion symmetry, 5D0–
7F1
magnetic dipole transition is dominant, while in a site without
inversion symmetry, the 5D0–
7F2 electronic transition becomes
the strongest one. So according to intensity ratios of transi-
tions 5D0–
7F2 to
5D0–
7F1, the symmetry of Eu
3þ site in the
crystal lattice of host substance was determined [12,37–39].
The strongest emission line of Bi2MO6:Eu nanoplates was at
about 614 nm, which indicates that Eu3þ ions were mainly
located in lattice site without inversion symmetry of Bi2MO6
substance. SI-3(a), (b) shows that the peaks of Eu element
exist in EDS patterns of samples, which further indicates that
Eu3þ ions have been successfully doped into samples. Fig. 6a
and b shows that morphologies of Bi2WO6:Eu and
Bi2MoO6:Eu were nanoplates, which reveals that the morphol-
ogies of samples keep constant after doping.4. Conclusion
In summary, Bi2WO6 and Bi2MoO6 nanoplates were success-
fully synthesized under hydrothermal condition. The synthesis
Fig. 6 SEM images of doped-Bi2MO6: (a) Bi2WO6:Eu and (b) Bi2MoO6:Eu.
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process and compositions of samples were inspected with
SEM, EDS and XRD. The possible formation mechanism
was proposed. They exhibited stronger light absorption in
ultraviolet–visible region. Bi2WO6 and Bi2MoO6 were good
host substances for rare earth ions doping. Bi2WO6:Eu and
Bi2MoO6:Eu nanoplates displayed strong red color excitation
with UV lamp. The novel luminescent material might be a
promising candidate for future ﬂuorescent mark applications.Acknowledgments
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